Pseudomonas acidovorans M3GY is a recombinant bacterium with the novel capacity to utilize a biphenyl congener chlorinated on both rings, 3,4'-dichlorobiphenyl (3,4'-DCBP), as a sole carbon and energy source. Strain M3GY was constructed with a continuous amalgamated culture apparatus (L. Krickel and D. D. Focht, Appl. Environ. Microbiol. 53:2470-2475 with P. acidovorans CC1(19), a chloroacetate and biphenyl degrader, and Pseudomonas sp. strain CB15(1), a biphenyl and 3-chlorobenzoate degrader. Genetic and phenotypic data showed the recipient parental strain to be P. acidovorans CCI and the donor parental strain to be Pseudomonas sp. strain CB15. In growth experiments with 3,4'-DCBP as a sole source of carbon, cultures of strain M3GY increased in absorbance from 0.07 to 0.39 in 29 days while reaching a protein concentration of 58 ,ug ml-' and 67% substrate dehalogenation. 4-Chlorobenzoate was identified from culture supernatants of strain M3GY by gas chromatography-infrared spectrometry-mass spectrometry; this would be consistent with the oxidation of the m-chlorinated ring through the standard biphenyl pathway. 4-Chlorobenzoate was converted to 4-chlorocatechol, which was metabolized through the meta-fission pathway. The construction ofP. acidovorans M3GY, with the novel capability to utilize 3,4'-DCBP, thus involves the complete use ofmeta-fission pathways for sequential rupture of the biphenyl and chlorobenzoate rings.
Polychlorinated biphenyls (PCBs) are long-lived environmental pollutants. Their persistence is due to the inability of single indigenous soil microorganisms to utilize them as growth substrates. Bacteria capable of utilizing monochlorobiphenyls and dichlorobiphenyls (DCBPs) as sole carbon and energy sources do so by oxidizing the unchlorinated ring (3, 5, 11, 12) . There are also reports of chlorobiphenyl (CBP)-mineralizing strains which grow on CBPs with a concomitant release of inorganic chloride (1, 16, 23, 25) . However, there are no definitive reports of any organism capable of utilizing a PCB bearing a chlorine on both rings, hereafter referred to as Cl,C1'-PCB. Although claims of isolation of PCB-mineralizing bacteria have been made, these earlier studies must be viewed as equivocal because the cultures are not available, the description of the media was insufficient for the media to be reproduced by others, the purity of PCBs (absence of biphenyl [BP]) was not determined, and no accompanying data on growth curves and chloride liberation were given (9) .
Aerobic bacterial catabolism of PCBs proceeds through a pathway involving the formation of chlorobenzoic acids (3) . The metabolic fate of the remaining five carbons produced by hydrolysis of the ring fission product is not well documented, although these carbons are likely to be metabolized through chlorinated aliphatic intermediates. Furukawa and Chakrabarty (10) first recognized that a PCB-mineralizing bacterium must be able to express the genes necessary for catabolism of chlorobenzoic acids and BP. Only recently has the concept been put into practice in the construction of hybrid strains able to utilize monochlorobiphenyls (1, 16, 23) . None of these hybrid strains, however, are able to utilize Cl,C1'-PCBs. Clearly, the ability to degrade chlorinated aliphatic metabolites formed with the subsequent production of chlorobenzoates (CBas) from Cl,C1'-PCBs must also be considered in construction of a PCB-utilizing bacterium.
Construction of recombinant strains by complementation of their catabolic pathways for the purpose of biodegradation has become a common practice in recent years. The hybrid strains have the combined catabolic characteristics of their parents and possess new degrading abilities. It would be desirable to recruit all of the necessary genes from the various genomes to construct a bacterium capable of utilizing Cl,C1'-PCBs as carbon and energy sources. Such an organism would be a significant advance toward aerobic bioremediation of PCBcontaminated soils. In this report we describe the construction, genetics, and catabolic abilities of a recombinant bacterium, Pseudomonas acidovorans M3GY, which expresses a novel catabolic ability to utilize 3,4'-DCBP as a sole carbon and energy source. To our knowledge this is the first substantiated report of a bacterium utilizing BP chlorinated on each ring in media containing no growth-supportive additives.
MATERLALS AND METHODS
Media. Cultures were grown in a mineral salts medium (MSM) consisting of 10 mM K2HPO4, 3 mM NaH2PO4, 10 mM (NH4)2SO4, and 1 mM MgSO4 in deionized water supplemented with, per liter, 10 ml of chloride-free trace 15 ,300 x g at 2°C for 10 min. The pellets were washed twice with 50 mM phosphate buffer, pH 7.5, and resuspended to a final A525 of 10. The cell suspension was divided into aliquots of 3 ml and incubated with 3 mM substrate. Transformations were stopped at appropriate intervals by adjusting the pH of the cell suspension to 1 and then centrifuging it.
Oxygen uptake. Oxygen uptake was measured with an oxygen electrode (Yellow Springs Instrument Co., Yellow Springs, Ohio) as previously described (18) .
Preparation of cell extracts. Cultures of strain M3GY were prepared as described above except that the pellet was resuspended in 10 ml of phosphate buffer. The cells were disrupted by sonication with an Ultrasonics W185 cell disruptor (Heat Systems-Ultrasonics, Inc., Plainview, Long Island, N.Y.). The crude cell extracts were clarified by centrifugation at 40,000 x g for 30 min at 2°C. Cell extracts were used without further purification.
Assays for meta-pyrocatechase activity. The recombinant strain M3GY was morphologically and phenotypically very similar to the parental strain P. acidovorans CCL. It was a gram-negative rod motile by one to three polar flagella and utilized lactate, fructose, malonate, ethanol, glucose, and p-hydroxybenzoate but was unable to utilize Larginine, L-arabinose, or sucrose. The substrate utilization pattern determined on Biolog GN microplates showed 98% similarity between strains M3GY and CC1 but only 64% similarity between recombinant strain M3GY and parental strain CB15. Genomic fingerprinting and hybridization of total DNA showed strong genetic homology between the recombinant strain and parental strain CC1, while only moderate homology was observed between the recombinant strain and strain CB15 (data not shown). Thus, considering substrate utilization and genetic homology, the recombinant strain was designated P. acidovorans M3GY. of cured strain M3G-C1 was probed with plasmid pRB1 (Fig.  1) , which excluded integration of 3-CCa genes into a chromosome. As the growth of the cured strain on 3,4'-DCBP was comparable to that of strain M3GY, growth on 3,4'-DCBP was not related to the utilization of 3-CCa but may be related to utilization of chloroacetate.
When the trichemostat was run in the absence of strain CB15, a recombinant able to use 3,4'-DCBP could not be isolated during an equivalent time period. Moreover, when the genes of the clc operon from Pseudomonas sp. strain P51 (28) were used as a probe under conditions of high stringency, the probe hybridized with total DNA of strains HF1, CB15, and M3GY but not that of strains P6 and CC1 (Fig. 2) . Thus, strain M3GY, which is most similar to parental strain CC1, acquired the genes encoding the modified ortho-fission pathway from the other parental strain, CB15. Moreover, its ability to utilize 3,4'-DCBP was a result of genetic exchange between both parental strains.
Growth of strain M3GY on 3,4'-DCBP was measured by increased A525 and protein concentration (Fig. 3) (Fig. 4) . The infrared spectrum of this intermediate was superimposable over a spectrum of authentic 4-CBa methyl ester (Fig. 5) and was not in agreement with the infrared spectrum of 3-CBa. On the basis of these data, the The metabolism of 4-CBa was investigated in strain M3GY. Strain M3GY could not use 4-CBa as a sole carbon source; nevertheless, BP-grown resting cells dehalogenated 4-CBa (50% in 12 h), presumably through glycolate (Fig. 7) . Thus, 4-CBa does not appear to induce its own catabolism and requires BP, 3,4'-DCBP, or 4-CBP for induction.
M3GY exhibited a functional meta-cleavage pathway for metabolism of 4-CC. 4-CBP-grown cell extracts converted 4-CC into 2-hydroxy-5-chloromuconic semialdehyde at a rate of 116 nmol min-' mg of protein-'. An alternative pathway for hydrolytic dehalogenation of 4-CBa to 4-hydroxybenzoate and via the protocatechuate pathway could be excluded, as cells did not produce 4-hydroxybenzoate nor did they show immediate 02 uptake (within a 5-min incubation) on it or on protocatechuate beyond endogenous levels. DISCUSSION Recombinant P. acidovorans is the first pure culture with the capacity to utilize a Cl,C1'-PCB as a sole carbon and energy source. Our data show that strain M3GY initially attacked 3,4'-DCBP on the ring having a chlorine in the m position to yield 4-CBa, which was converted to 4-CC. A productive meta-cleavage pathway of 4-CC is substantiated by 2,3-dioxygenase activity with subsequent production of 2-hydroxy-5-chloromuconic semialdehyde and eventual detection of chloroacetate. Metabolism of 4-CC through the metafission pathway would lead to the formation of pyruvate and chloroacetaldehyde, the latter of which could be oxidized to chloroacetate in accordance with the scheme shown in Fig.  7 .
The ability of BP utilizers to grow on chloroacetate is rare, as only 1 of 45 BP utilizers was able to do so, whereas chloropropionates and chlorobutyrates were utilized by most isolates (14) . The (Fig. 7) . Thus, conversion of chloroacetate to chloroacetyl coenzyme A, in contrast to dehalogenation to glycolate, would clearly present problems with biosynthesis or the tricarboxylic acid cycle (e.g., cis-aconitase).
Although strain M3GY demonstrated ortho-fission activity in cell extracts of 4-CBP-grown cells and harbors the clc operon (Fig. 2) , the role of catechol-1,2-dioxygenase and the ortho-fission pathway appears irrelevant to the degradation of 4-CC, as this compound is metabolized not via spontaneous removal of chlorine by cycloisomerization of 3-chloro-cis-cismuconate (ortho-fission pathway) (24) but by formation of chloroacetate (meta-fission pathway). The presence of the clc operon may play a role in an alternate pathway for the metabolism of 3,4'-DCBP to 3-CBa by oxidation of the pchloro-substituted ring. Growth of strain M3GY on 3-CBa through 3-CC would have to proceed through the ortho-fission pathway because the meta-fission pathway would generate a suicidal acyl halide. Moreover, 3-CBa is readily utilized as a growth substrate, in contrast to 4-CBa, and would not likely have been detected to provide direct evidence for an alternate pathway. The important genes transferred from strain CB15 most likely were those encoding the dioxygenation of 4-CBa and the subsequent dehydrogenation of the carboxy diol to 4-CC.
Although 4-CBa is a central metabolite in the catabolic pathway of 3,4'-DCBP, it could not be utilized as a growth substrate by strain M3GY. Similar phenomena have been observed with 3,4-dichlorobenzoate (2) and 3,5-dichlorobenzoate (15) . In the former case, the product, which was utilized as a growth substrate, was formed only when cells were induced by growth on 4-CBa. In the latter case, 3,5-dichlorobenzoate was readily oxidized but did not induce production of the dioldehydrogenase, which was induced only by growth on 3-or 4-CBa.
Why the recombinant strain cannot utilize 3,3'-DCBP as a growth substrate even though this substrate was used for its selection remains unclear. Metabolism of 3,3'-DCBP in this organism may yield 3-CC, which is known to be an inhibitor of metapyrocatechases (4, 17) . Such an inhibition was observed in the parental strain CB15, although it did not prevent mineralization of 3-CBP through 3-CC (1) . In contrast, metabolism of 3,4'-DCBP in strain M3GY proceeds through 4-CC, thereby avoiding the formation of 3-CC. Alternatively, the inability of strain M3GY to grow on 3,3'-DCBP may be related to high substrate specificity. In preliminary experiments, 3-CBa was not detected in 3,3'-DCBP resting-cell transformations. Thus, strain M3GY may be unable to convert the ring fission product of 3,3'-DCBP, 2-hydroxy-4-chloro-6-oxo-6-(3'-chlorophenyl)-hexa-2,4-dienoic acid, into products of the meta-fission pathway.
